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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Anastrozole has recently been shown to be a substrate for P-glycoprotein (ABCB1).
• Four single-nucleotide polymorphisms near the TCL1A gene have been pinpointed in a previous, large genome-wide association study as putative loci relevant for the development of arthralgia in breast cancer patients on anastrozole.
• A number of polymorphisms in the aromatase gene (CYP19A1) have been studied in relation to the clinical response to anastrozole but results have been inconsistent so far.
WHAT THIS STUDY ADDS
• The ABCB1 gene variability affects anastrozole plasma concentrations, which suggests that the present 1 mg standard dose may not be ideal for all patients.
• For the first time to our knowledge, we have addressed the validation of four genome-wide association study-pinpointed SNPs near TCL1A with regard to their association with arthralgia, but their alleged role could not be confirmed.
• SNPs in the aromatase gene (CYP19A1) affect the development of arthralgia in breast cancer patients treated with anastrozole and may modify the incidence of cancer recurrence.
Introduction
Breast cancer is the most frequently diagnosed cancer in women. Three out of four of the cases occur in postmenopausal women, 80% of whom are hormone-receptor positive (HR + ) [4] . Tamoxifen has traditionally been the forefront for the endocrine treatment of this type of breast cancer; however, in recent years, aromatase inhibitors (AIs) have been introduced as an alternate therapy. Anastrozole is a third-generation, highly-specific AI that suppresses plasma oestrogen levels in postmenopausal women by inhibiting the enzyme responsible for the conversion of androgens to oestrogens in peripheral tissues. Several clinical trials have shown that anastrozole alone is more effective than tamoxifen at reducing cancer recurrence [5] [6] [7] [8] .
A recent study has demonstrated that anastrozole is a substrate for P-glycoprotein (ABCB1) [9] , a member of the ABC (ATP binding cassette) transporter family that functions as an energy-dependent xenobiotics efflux pump and that is apically expressed in numerous tissues involved in excretion or known to have blood-tissue barriers. A great body of evidence has fully confirmed the profound effect of the drug-transporting ABCB1 on the pharmacokinetics of drugs in humans [10] . In addition, the encoding ABCB1 gene locus is known to harbour numerous single nucleotide polymorphisms (SNPs) with implications on drug disposition and clinical outcomes [11] . Of these mutations, the most studied are a nonsynonymous base change (G > T) at position 2677 in exon 21 and two synonymous transitions (C1236T and C3435T) in exons 12 and 26, respectively [12] . Studies reporting on anastrozole plasma concentrations in breast cancer patients have been available just recently [13] [14] [15] but, to our knowledge, none of them have been aimed to determine the impact of the ABCB1 status on anastrozole concentrations.
By contrast, SNPs in the aromatase gene (CYP19A1) have been associated with cancer recurrence in these patients, as well as with the onset of arthralgia [16] ; a serious adverse effect of AIs caused by oestrogen deprivation that can even lead to discontinuation of therapy [17] . In addition, a genome-wide association study (GWAS) has pinpointed four SNPs near the T-cell leukaemia 1 A (TCL1A) gene as putative loci also associated with muculoskeletal adverse events in HR + and/or progesterone receptor + breast cancer patients receiving AIs [18] . The present study was intended to achieve two goals. First we aimed to determine whether ABCB1 SNPs can affect anastrozole plasma levels and/or the occurrence of arthralgia in these patients. Second, we also assessed the impact of SNPs in CYP19A1 and TCL1A genes on the onset of this adverse effect and the incidence of cancer recurrence in our series.
Patients and methods

Study sample
This retrospective study included Caucasian postmenopausal female patients with HR + breast cancer treated with anastrozole (Arimidex®) at the Service of Oncology of Fundación Alcorcón University Hospital (Madrid, Spain). All participants gave oral and written consent for their participation. The study was approved by the Bioethics Committee of the University of Extremadura (registry number 17/2010), and was conducted in accordance with the Declaration of Helsinki and its subsequent revisions
Determination of anastrozole plasma levels
A peripheral blood sample (10 ml) was obtained from each participant at least 4 weeks after anastrozole treatment was initiated and approximately 24 hours after the last dose in order to measure trough levels [14] . Five ml of this sample were immediately processed to separate the plasma. Both plasma and whole blood samples (for DNA purification, see below) were stored at À80°C until analysis. Plasma concentrations of anastrozole were determined by a liquid chromatography-electrospray ionization-quadrupole-timeof-flight mass spectrometry system in positive ionization mode as described previously [19] with minor modifications. Briefly, after plasma samples were subjected to liquid-liquid extraction, anastrozole and verapamil, which was used as internal standard, were separated using a high-performance liquid chromatography system (Agilent 1260 Series; Agilent Technologies, Santa Clara, CA, USA) equipped with a Zorbax Extend-C18 rapid resolution analytical column of 2.1 mm × 50 mm and 1.8-μm particle size (Agilent Technologies). The high-performance liquid chromatography system was connected to a quadrupole-time-of-flight mass spectrometer (Agilent 6530 Series Accurate Mass QTOFMS; Agilent Technologies) and ions were generated using an electrospray ion source (Dual ESI). Data analysis was carried out with an Agilent Mass Hunter Workstation Software (version B.03.01). A representative chromatogram of anastrozole can be seen in Supplementary Figure S1 Genotyping Genomic DNA was isolated by using a QIAamp DNA Blood Kit (Qiagen, Hilden, Germany) from 5-ml whole blood samples. Three exonic SNPs in the ABCB1 gene, four polymorphisms in CYP19A1 and four additional SNPs near the TCL1A gene were identified by real-time PCR using TaqMan SNP Genotype Assays from Life Technologies (Rockville, MD, USA).
The SNPstats platform [20] was used to determine the adequate model of inheritance (additive, dominant or recessive), to provide linkage disequilibrium (LD) data and to estimate the effect of haplotypes by linear regression modelling. Regression parameters pertained to the log odds ratios adjusted by clinical and demographic variables. Frequency threshold for rare haplotypes was set at 0.01.
Outcomes assessment
Demographic and clinical data were abstracted from medical charts and included age, height, weight, time into menopause, date of breast cancer diagnosis, stage at diagnosis, tumour size and grade, hormone receptor status, time on AI therapy, prior/current cancer treatment and cancer recurrence (local, contralateral or metastatic). The presence of arthralgia was recorded by patient report of any joint pain or stiffness in the last week that had either started or worsened after initiating anastrozole therapy [21] . Statistical analyses were performed using the SPSS version 15.0 for Windows (SPSS Inc., Chicago, IL, USA). In all instances differences were considered to be significant when P values were <0.05.
Statistical analyses
Results
A total of 110 women with hormone receptor-positive breast cancer treated with anastrozole were included in the study. Mean therapy time on 31 st December 2012 was 53.16 ± 20.45 months. The vast majority of the patients (93.6%) were also taking chemotherapy drugs (three women were on neoadjuvant chemotherapy). Mean age of the patients at the onset of therapy was 56.74 ± 27.88 years. Most of the patients (70.9%) had grade 1 or 2 cancer and were HER2 negative (81.8%). With regard to tumour histology, the most frequent type was infiltrated ductal carcinoma (83.9%), followed by infiltrated lobular carcinoma (8.9%). Other types observed were papillary carcinoma, in situ ductal carcinoma and infiltrated mucinous carcinoma. Additional clinical and demographic characteristics of the patients are shown in Table 1 . Table 2 shows genotyping results for the 11 polymorphisms studied, three in the ABCB1 gene, four in CYP19A1 and four near the TCL1A gene. Minor allele frequencies in the population of study ranged from 0.1 (rs11849538) to 0.495 (rs1128503).
A high degree of LD was observed between the four SNPs near the TCL1A gene (r 2 ranged from 0.79 to 0.95), with rs7158782 and rs2369049 loci being in complete LD (r 2 = 1).
All the remaining SNP pairs in the ABCB1 and CYP19A1 genes displayed r 2 values lower than 0.80.
Effect of ABCB1 polymorphisms on anastrozole concentrations
Anastrozole concentrations could only be measured in 104 out of the 110 patients because six samples accidently thawed before processing. Plasma levels showed a high variability, over an eight-fold range (6.60-55.70 ng ml À1 ), with a mean value of 26.95 ± 11.91 ng ml À1 . The distribution of the observed concentrations resulted in a histogram slightly skewed to the left ( Figure 1 ). Lowest limit of quantitation was set at 1.25 ng ml À1 . The method revealed excellent linearity for the range 2.5-150 ng ml À1 (y = 0.0153x + 0.0003; r 2 = 0.9983). Figure 2 shows that the mutant homozygous TT genotype of the G2677 T SNP was associated with higher anastrozole plasma concentrations ( The haplotype study in the three ABCB1 loci considered (1236-2177-3435) showed no relevant differences with regard to anastrozole concentrations between the most frequent allele combination (C-G-C) and the T-T-T mutant homozygous haplotype (mean difference = 1.23 [-2.75-5.22], P = 0.550). Differences regarding anastrozole plasma levels for all the ABCB1 haplotypes identified in the study sample are shown in Supplementary Table S1 .
Finally, a comparison between patients carrying mutant genotypes in all three ABCB1 loci (TT-TT-TT; n = 13) and the rest of the patients showed a trend towards higher plasma levels in the former group (32. 
Associations with clinical outcomes
A total of 78 patients (71%) referred arthralgia after therapy with anastrozole was initiated. The incidence of arthralgia was not related to high levels of the drug. Using the median value as cut-off point, the odds ratio (OR) for high vs. low concentrations was not significant (0.97 [0.39-2.40], P = 0.565).
We analysed the impact of four SNPs near the TCL1A gene on the development of arthralgia in the population of study; however, none of them were found to be associated with the symptoms in any model of inheritance. Table 3 shows results for the dominant model, as the reduced number of mutant homozygous carriers prevented the analysis of the recessive model in some cases. We also assessed the effect of ABCB1 SNPs, as anastrozole is a known substrate of P-glycoprotein [9] . Given that the 2677 TT mutant genotype had been observed to be associated with anastrozole levels (see above), we used the recessive model for the analyses in this case. The ABCB1 3435 TT genotype showed a significant protective effect on the risk for arthralgia (OR =0.32 [0.11-0.89]; P = 0.029; Table 3 ). In addition, a statistical trend, also towards a protective effect, was observed for the ABCB1 1236 C/T SNP. Globally, the incidence of arthralgia was far lower in patients who were carriers of a TT genotype in each ABCB1 locus (46.2% vs. 74.4% for patients with other genotypes: OR = 0.295 [0.09-0.98]; P = 0.044). Finally, the CYP19A1 rs1008805 GG genotype was strongly and inversely associated with arthralgia (OR = 0.24 [0.09-0.65], P = 0.004; Table 3 ).
We then included the two genotypes with significant results (ABCB1 3435 TT and CYP19A1 rs1008805 GG) in logistic regression models including relevant covariates such as age, BMI or years since menopause onset (see P-values for the individual association of these covariates with arthralgia in supplementary Table S2 ). The relevant association for the 3435 TT genotype remained so (OR = 0.28 [0.09-0.94]; P = 0.040), and that for the rs1008805 GG genotype increased its significance (OR = 0.20 [0.07-0.59], P = 0.0028). The combined analysis of variants in the ABCB1, TCL1A or CYP19A1 genes (haplotype study) controlling for meaningful variables did not reveal further associations with arthralgia (Supplementary Table S3) .
With regard to cancer recurrence, it was experienced by 6% of the patients (seven women). After controlling by relevant demographic and clinical variables, we observed no associations between anastrozole plasma levels and the occurrence of relapse (OR high vs. low concentrations = 0.42 [0.06-3.17], P = 0.404). Table 4 shows OR values for the association between CYP19A1 SNPs and breast cancer recurrence. The small number of both events and subjects carrying the different homozygous CYP19A1 variant genotypes forced an analysis based on a dominant model of inheritance (Table 4) . Of note, the rs727479 AA genotype was absent in the group with cancer recurrence but it accounted for roughly 38% of patients who did not relapse (P for trend = 0.031; Table 4 ). This association remained statistically significant (P = 0.028) after adjusting by age, grade, stage and HER2 status (see P-values for the individual association of these covariates with the outcome in supplementary Table S2 ). The haplotype study in CYP19A1 adjusted by the same variables did not reveal further associations (Supplementary  Table S4 ).
Discussion
Over the past 15 years it has become clear that the ABCB1 transporter, because of its location in intestine, liver and kidney, greatly contributes to the bioavailability of orally administered drugs. Accordingly, variability in its gene locus has been associated with changes in the disposition, toxicity and response to a wide variety of xenobiotics, including many anticancer compounds [11] . The in vitro study by Miyajima et al. [9] , which indicates that anastrozole may be a substrate for this transporter, prompted us to carry out the present work in order to test the influence of the ABCB1 gene status in postmenopausal HR + -breast cancer patients.
First, we observed a high degree of variability (over 8-fold) of anastrozole plasma concentrations in our series, a range that was similar to that reported recently by other research groups in patients with the same pathology [14, 15] . Moreover, we found that a nonsynonymous ABCB1 polymorphism (G2677 T) contributed to this variability; with 2677 TT carriers showing significantly higher drug levels. This same polymorphism, has been associated before with pharmacokinetics and the patient's response to some chemotherapy agents used in breast cancer such as paclitaxel [22, 23] or docetaxel [24, 25] . However, to our knowledge, there are no similar studies with anastrozole. The observed higher concentrations in carriers of the 2677 TT genotype would be consistent with a decreased efflux capacity of the mutated transporter, leading to increased blood concentrations. In any case, studies on the specific effect of ACB1 SNPs on protein expression and function have not been conclusive to date [11] . Ingle et al. suggested that the wide range of anastrozole concentrations displayed by breast cancer patients may obey to differences in the drug's metabolism [14] . Now, our results indicate that ABCB1-mediated anastrozole efflux transport, dependent on the ABCB1 genotype (and also subjected to drug interactions), may also play a significant role. We agree with Ingle et al. when they state that the standard 1 mg daily dose of anastrozole may not be optimal for a substantial proportion of women with breast cancer [14] .
Also, regarding anastrozole pharmacokinetics, two studies have shown that the correlation between anastrozole plasma concentrations and the effect on oestrogen deprivation in postmenopausal HR + breast cancer patients is unclear [14, 26] . Indeed, these studies report on a significant proportion of patients with high anastrozole concentrations that paradoxically display increased levels of oestrogens. Our results are in line with these findings, as we did not find a correlation between drug levels with either the development of toxicity (arthralgia) or the incidence of cancer recurrence. Significant musculoskeletal discomfort in anastrozoletreated patients may lead to suboptimal adherence [21] , which is why finding individual risk factors for these adverse effects is crucial if we were to implement personalized medicine in breast cancer patients on AIs. In this regard, the incidence of arthralgia in our patients was in line with that estimated recently (70%) by Nyrop et al. [27] , albeit figures are sometimes difficult to compare, given the high variability in the definitions of the phenotype and the self-reported nature of the adverse effect. The second goal of the study included the validation of the association between AIsinduced arthralgia and four SNPs, namely rs7158782-rs2369049, rs7159713 and rs11849538, located near the TCL1A gene; an association that was reported in a previous GWAS [18] . We observed a very high LD between these SNPs (which was complete for two of them) in our Spanish Caucasian patients and consequently the results of their association with arthralgia are almost identical (see Table 3 ). We could not find any evidence of their alleged effect on this adverse event. Indeed, an editorial on the referred GWAS already questioned the clinical significance of its results [28] . However, it should be noted that this GWAS used six musculoskeletal adverse events as the phenotype, which included joint pain, muscle pain, bone pain, arthritis, diminished joint function and other musculoskeletal problems, while the present study used arthralgia as the phenotype. Therefore, the discrepant results between our study and the previous one could be due to the different definitions of phenotype.
We also assessed the role of CYP19A1 SNPs in the development of arthralgia, as reports on this association have been contradictory so far [16] . We found that the rs1008805 SNP was related to joint stiffening and pain in patients on anastrozole. Consistent with this finding, Park et al. reported that a haplotype containing this variant was related to musculoskeletal adverse events in breast cancer patients on letrozole [29] , a similar AI, although there are no data regarding anastrozole-treated patients. The lack of association with arthralgia displayed for the other CYP19A1 SNPs studied is in agreement with the negative findings reported by Mao et al. [30] .
The ABCB1 C3435T SNP was found to be inversely associated to the occurrence of arthralgia. Of note, this is a synonymous polymorphism and therefore one would not expect an impact on protein expression or function; however, KimchiSarfaty et al. demonstrated that this SNP results in similar Figure 1 Histogram of the distribution of anastrozole plasma concentrations in the population of study Figure 2 Anastrozole plasma concentrations according to the ABCB1 G2677T genotype mRNA and protein levels but with altered conformations, which affects the substrate specificity of the ABCB1 transporter [31] . In any case, the fact that the precise link between anastrozole levels and the onset of musculoskeletal symptoms is yet to be elucidated makes these results hard to interpret. By contrast, the consequences of an altered ABCB1 Table 3 Association of TCL1A, ABCB1 and CYP19A1 polymorphisms with the onset of arthralgia in postmenopausal, hormone-receptor positive breast cancer patients
Arthralgia
TCL1A
No ( [32] , the main elimination pathway for this drug [33] .
The last goal of our study was to determine the influence of CYP19A1 SNPs on cancer recurrence. The incidence of recurrence in our series was slightly lower than the 9% reported by Dowsett et al. in a meta-analysis comprising 9856 breast cancer patients treated with AIs [34] . We observed that the rs727479 SNP was significantly related to this event.
In agreement with our finding, Miron et al. observed an association of this SNP with reduced local recurrence of the cancer, although the study was carried out in a very small number of patients [35] . Conversely, Colomer et al. could not find a statistically significant effect of rs727479 on the clinical response to anastrozole. It should be noted, however, that the primary outcome collected by the authors in this last work was time to progression and not cancer recurrence [36] . We should also take into account that rs727479 is an intronic SNP, and therefore it might be in LD with another mutation/s in coding exons that could be the true effector of this association. Longer-term studies will better clarify the link between CYP19A1 genetic variability and the clinical response to anastrozole and to AIs in general.
A limitation of this work was the relatively low sample size available, which along with the small number of carriers of some allelic variants precluded the analysis of the data with some genetic models. However, this limited sample also allowed for all the patients to be diagnosed and treated by the same clinicians in the same facilities, and resulted in all patients having the same ethnicity, which altogether increases the homogeneity of our analyses and reduces the chance that the findings may be due to population structure. Another limitation was that no survival analyses could be carried out (particularly in relation to CYP19A1 SNPs), since no deaths were recorded over the period of study. Finally, oestrogen concentrations were not measured in our patients, which could have been informative given that anastrozole plasma levels did not explain arthralgia or cancer recurrence.
In summary, the results of the present work reveal a substantial variability of anastrozole plasma concentrations in postmenopausal women with hormone receptor-positive breast cancer. Our findings indicate that this variability may be, at least in part, attributable to the status of the ABCB1 gene locus. Furthermore, genetic variants in the CYP19A1 gene were associated with arthralgia and cancer recurrence in our patients. These results taken together indicate that anastrozole, a commonly used agent in breast cancer, makes an ideal candidate for multicentric, pharmacogenomic studies that can include other possibly relevant genes such as UGT1A4 and larger number of patients in long follow-up periods.
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